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Abstract 

It is shown that charge ordering in layered crystalline metals causes an increase in the normal 
state energy of the conducting layers. If this increase in the energy exceeds the difference between 
the superconducting state energy and the normal state energy of the metal, then the supercon- 
ducting transition occurs. A relation between the charge gap in the superconducting phase and the 
bandgap width in the undoped insulating phase of high-temperature superconductors is obtained. 
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Recently, it was shown [1] that charge ordering ('charge- density- wave') and superconduc- 
tivity coexist in a layered pnictide superconductor SrPt 2 As2 related to the high-temperature 
iron pnictide superconductors, such as Ba {Fe\- x Co x ) 2 As 2 - Earlier, it was shown [2] that 
the charge gap is present in all high-temperature superconductors in which the maximum 
superconducting transition temperature T c exceeds the transition temperature Tf fa Op/cx of 
a low-temperature ferroelastic transition (here 9p is the Debye temperature and a = 18 is a 
constant). Here we consider an effect of charge ordering in layered crystalline metals on su- 
perconductivity with account for a ferroelastic distortion in the conducting layers induced by 
charge ordering in adjacent charge-ordered layers. Charge ordering is necessary for improper 
high-temperature superconductivity (with the transition temperature T c > Tf), but it is not 
sufficient. All improper high-temperature superconductors (cuprates, iron pnictides, barium 
bismuthate doped with K, and possible high-temperature superconductors C 'a 2 RuO V^and 
Sr 2 Ru0 4:+ s) are superconducting semiconductors [3]. Here we obtain a relation between the 
charge gap in the superconducting phase and the bandgap width in the undoped insulating 
phase of improper high-temperature superconductors. We obtain also the value of the op- 
timal doping level in hole-doped high-temperature superconductors and in electron-doped 
iron pnictide superconductors. 

Charge ordering implies a local metal-insulator transition in some layers of a layered 
crystalline metal with an opening of the charge gap in the corresponding energy band. The 
energy bands associated with the conducting layers remain metallic. Charge ordering causes 
a ferroelastic lattice distortion in chrge-ordered layers corresponding to a relative expansion 
of the lattice at zero temperature (0 K) [3]. This ferroelastic distortion leads to a periodic 
lattice modulation due to a misfit between the lattice parameters of metallic layers and 
charge-ordered layers, respectively, below the charge ordering temperature T s . 

For a sinusoidal lattice modulation, the displacement u of atoms from their mean locations 
is given by the formula 



where P is the period of the lattice modulation along the x-axis. The length I of a period 
of the sinusoid is given by the formula 




(1) 



2 



Thus, the amplitude 5 — (I — P) /P of a ferroelastic distortion along the x-axis is related 
to the amplitude Uq/P of the lattice modulation as follows 

* = (3) 
The amplitude uq of the atomic displacement has an order of the Born-Mayer parameter 
p = 0.036nm [4]. For example, in Bi 2 Sr2CaCu20 8 +s, the amplitude of the atomic displace- 
ment is Mo = 0.04nm [5]. Since the period of the lattice modulation in Bi2Sr2CaCu20 8+ s 
along the a-axis (atoms are displaced from their mean locations in the c-axis direction) is 
P = 2.6nm, the relation Q gives the amplitude of a ferroelastic a-axis distortion at a level 
of 5 = 2.4 x 1(T 3 . 

This value is close to 5q = ao/d c , where ao = 0.45m??, has an order of the lattice parameter, 
and d c = 180nm is the size of a crystalline domain [2]. The amplitude of a ferroelastic 
distortion in Bi 2 Sr2CaCu20g + s has an order of the amplitude of ferroelastic fluctuations in 
the superconducting phase just below the transition temperature T c [2]. 

In a layered tetragonal compound LaAgSb2 which exhibits a charge-ordering ('charge- 
density- wave') transition at T s = 210K [6], the period P of the lattice modulation along 
the a-axis is P = IQ.Qnm. If the amplitude Uq of the atomic displacement has an order of 
the Born-Mayer parameter p = 0.036nm, then the equation ([3]) gives the amplitude of the 
a-axis ferroelastic distortion at a level of 5 = 0.5 x 10~ 4 (or 5 = hp/d c ). Such is an order of 
the amplitude of a low-temperature ferroelastic distortion in metals and insulators [3, 7, 8]. 

A pnictide superconductor SrPt2As2 exhibits a charge-ordering ('charge- density- wave') 
transition at T s = 470K [1] . The amplitude 5 of the orthorhombic distortion is 

£ = 2^^0.011. (4) 

b + a v ' 

The period P of the lattice modulation along the a-axis is P = 0.72nm. The equation 
(E]) gives an estimation of the amplitude u of the atomic displacement in the form 



7T 



p 

-S 1/2 = 0.024nm, (5) 



or uq = |p, where p is the Born-Mayer parameter. 



3 



The energy pseudogap associated with a multi-band structure of the electronic spectrum 
(an analogue of the charge gap in layered compounds) can exist even in elemental metals. 
In 3d transition metals, the d-band consists of two subbands [9] , corresponding to e g and t 2g 
states in the splitting by the crystal electric field picture [4]. The magnitude of the energy 
pseudogap in 3d transition metals is about 0.5eV. Magnetic ordering (in Cr, Mn, Fe, Co, 
and Ni) is associated with the filling of the upper subband. The 4-state subband (e g states) 
stabilizes a bcc crystal structure, and the 6-state subband (t 2g states) stabilizes fee and hep 
crystal structures. 

Absence of the superconducting transition down to zero temperature ( T=0 K) in a metal 
means that the energy E s of the superconducting state is higher than the energy E n of the 
normal state due to the compensation of a low-temperature ferroelastic distortion in the 
superconducting phase [3]. (A low-temperature ferroelastic distortion causes a decrease in 
the value of the energy E n of the normal state in metals). 

The energy E of a layered crystalline metal is 



where E\ is the energy of the charge-ordered layers, E 2 is the energy of the conducting 
layers, and E u is the energy of interaction between these layers. 

Charge ordering (a local metal-insulator transition in some layers) causes a decrease in 
the energy E\ of the charge-ordered layers. However, the energy E 2 of the conducting 
layers increases due to a ferroelastic distortion in these layers induced by charge ordering in 
adjacent layers (the epitaxial strain effect), since a low-temperature ferroelastic distortion 
has opposite signs in metals and insulators [3]. If an increase AE 2 in the energy of the 
conducting layers exceeds the difference E 2s — E 2n of the energies of the superconducting 
state and the normal state, respectively, 



then the superconducting transition occurs. 

A total energy E of a layered metal decreases (on cooling) both at the charge-ordering 
transition and at the superconducting transition. 



E — E± + E 2 + Ei 2 , 



(6) 



AE 2 > E 2s — E 2n , 



(7) 
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A magnitude A c h (0) of the charge gap at zero temperature (OK) is related to the charge- 
ordering transition temperature T s as follows [3] 

A ch (0) = ak B T s , (8) 

where ks is the Boltzmann constant, and a = 18. 

A ferroelastic distortion associated with the metal-insulator transition (and charge or- 
dering) corresponds to a relative expansion of the lattice at zero temperature {OK). In 
ZnO with a wurtzite crystal structure, the bandgap width E g (0) at zero temperature is 
Eg (0) = 3AAeV [10], and the relation analogues to the equation (JSJ) gives the metal- insulator 
transition temperature Tmi in the form Tmi = E g (0) /aks = 221QK. A ferroelastic dis- 
tortion associated with this high-temperature metal-insulator transition in ZnO is a c-axis 
distortion. The c/a ratio increases with decreasing temperature {c/a = 1.59 at T = 15007^, 
and c/a = 1.60 at T = OK). A ferroelastic distortion in the insulating phase produces 
a negative thermal expansion at low temperatures. A linear thermal expansion coefficient 
along the a-axis a a is negative below 100K, and a linear thermal expansion coefficient along 
the c-axis a c is negative below 120K [10]. 

A relative expansion of the lattice at zero temperature {OK) in insulators causes a decrease 
in the volume of the Brillouin zone. The valence band contracts, and the energy of a crystal 
decreases. Similar is the effect of a relative expansion of the lattice at zero temperature 
associated with the superconducting transition, due to the opening of the superconducting 
energy gap. 

In metals, a relative contraction of the lattice at zero temperature causes an increase in 
the volume of the Brillouin zone, so that the conduction band expands on the energy scale, 
and the energy of the bottom of the conduction band decreases. As a result, the energy of 
a metal decreases due to a low-temperature ferroelastic distortion. A ferroelastic distortion 
associated with the superconducting transition compensates a low-temperature ferroelastic 
distortion in a meta [3], so that the energy E s of the superconducting state can be both 
higher or lower than the energy E n of the normal state. 

A ferroelastic distortion associated with ferromagnetic or ferrimagnetic ordering normally 
corresponds to a relative expansion of the lattice at zero temperature, for example, in the 
nickel chromite spinel NiCr 2 0^ [11]. Antiferromagnetic ordering in insulators is normally 
associated with a relative contraction of the lattice at zero temperature, for example, in 
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manganese fluoride MnF 2 [7]. 

In optimally doped improper high-temperature superconductors, the superconducting 
transition coincides with the charge-ordering transition, so that a magnitude A c h (0) of the 
charge gap at zero temperature is determined by the equation 

A ch (0) = ak B T c , (9) 

where T c is the maximum superconducting transition temperature. 

In narrow bandgap semiconductors, there is a relation between the energy Ei (0) of an ele- 
mentary insulating excitation, which determines the metal-insulator transition temperature 
Tmi, and the bandgap width E g (0) at zero temperature of the form [3] 

Ei (0) = zE g (0) , (10) 

where z is the coordination number. 

There is a similar relation between the bandgap width E g (0) in the undoped insulating 
phase and the charge gap A ch (0) at zero temperature in the superconducting phase of 
improper high-temperature superconductors, 

E g (0) = zA ch (0) . (11) 

The bandgap width E g (0) in the insulating phase (at zero temperature) is determined 
by the metal-insulator transition temperature Tmi, as given by the equation analogues to 
the equation (jSJ), 

E g (0) = ak B T MI . (12) 

For example, in Y Ba2Cuj,O y , the metal-insulator transition temperature is Tmi — 410 K 
at y = 6.23 [12], so that the bandgap width in the undoped insulating phase is E g (0) = 
0.635eV. The maximum superconducting transition temperature is T c = 01K at the optimal 
doping level of p m = 0.20 (p is the number of holes per Cu atom), so that a magnitude of 
the charge gap in the superconducting phase is A ch (0) = 0.14eV. According to the equation 
( II ip . the coordination number is z = 5. 

In LaiCuO^+b-, the metal-insulator transition temperature is Tmi = 240K at 5 = 0, so 
that the bandgap width in the undoped insulating phase is E g (0) = 0.37eV. The maximum 
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superconducting transition temperature is T c = AhK at the optimal doping level of p m = 0.20 
(5 = 0.093) [13], so that a magnitude of the charge gap in the superconducting phase is 
A c h (0) = O.OTeV^. The coordination number is z = 5. 

In a hole-doped iron pnictide superconductor Ba\_ x K x Fe2As2, an extrapolated value of 
the metal-insulator transition temperature at x = is Tmi — 150K [3], so that E g (0) = 
0.23eV. The maximum superconducting transition temperature is T c = 38i^ at the optimal 
doping level of p m = 0.25 [14], so that a magnitude of the charge gap in the superconducting 
phase is A c h (0) = 0.06e^. The coordination number, according to the equation (iTTj) . is 
z = 4. 

In all these cases, a value p m of the optimal doping level in a hole-doped improper high- 
temperature superconductor is related to the coordination number z as follows 

p m = 1/z. (13) 
According to the equation (iTTj) . this relation gives 

A ch (0) = p m E g (0) . (14) 

In Ba (Fe\- x Co x ) 2 As2, the magnitude A c h (0) of the charge gap was directly measured 
by means of scanning tunneling spectroscopy [15]. Experimental values of the charge gap 
are ranging from 24meV to 40meV. Since the maximum superconducting transition tem- 
perature in this electron-doped iron pnictide high-temperature superconductor is T c = 23K 
[16], the equation (j5j) gives A ch (0) = 36meV. The magnitude A (0) of the superconducting 
gap is determined by the equation [17] 

2A (0) = a P ak B T c , (15) 

where ap = 3/8 for layered high-temperature superconductors [2]. The equation ffl5l) gives 
for Ba (Fei- x Co x ) 2 As2 2A (0) = 13meV. This value agrees with experimental values of 
the superconducting gap [15]. 

The coordination number z for the transition metal atom in this compound is z = 3 
[1]. Since the bandgap width E g (0)in the undoped insulating phase is E g (0) = 0.23eV^ (see 
above), the charge gap A ch (0)in the superconducting phase is related to E g (0) in electron- 
doped iron pnictide superconductors as follows 
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E g (0) = 2z& ch (0) . (16) 

Due to a two-phase composition of the Ba (Fe\- x Co x ) 2 As2 system even in the nearly 
optimally doped region [3,18], it is difficult to determine the optimal doping level in electron- 
doped iron pnictide superconductors. It seems that the mean optimal doping level n m (n is 
the number of electrons per Fe atom) in these superconductors is given by the formula 

n m = l/(Az). (17) 

In SrPt2As2, only one of the two PtAs layers within a unit cell is conducting and another 
PtAs layer exhibits charge ordering [1]. If we assume that in the Ba (Fei- x Co x ) 2 As2 system 
only one of the two FeAs layers within a unit cell is conducting and another FeAs layer is 
charge-ordered, the a real optimal doping level n m is 

n m = 2n m = 1/ (2z) . (18) 
In view of the equation (flBI) . the last relation gives 

A ch (0) = n m E g (0) . (19) 

The equation ( [19]) is analogues to the equation (fl4|) for hole-doped high-temperature 
sup er conduct or s . 

In a hole-doped iron pnictide superconductor Bai_ x K x Fe2As2, the coordination number 
z = 4 can be attributed to the As atoms [1]. 

A pairing mechanism for high-temperature superconductivity as well as for low- 
temperature superconductivity is presumably the interaction of electrons with ferroelastic 
fluctuations. Ferroelastic fluctuations are always present in the superconducting phase of 
both low-temperature and high-temperature superconductors [2]. Antiferromagnetic fluc- 
tuations are also present in the superconducting phase [17], however, only in paramagnetic 
metals [2]. An improper high-temperature superconductor Ba\- x K x BiO^ with T c = 30i^ 
[19] does not exhibit antiferromagnetic ordering in the undoped insulating phase. 

To summerize, we show that charge ordering (a local metal-insulator transition) in some 
layers of layered high-temperature superconductors induces the superconducting transition 
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in adjacent conducting layers. The lattice modulation in layered high-temperature supercon- 
ductors is produced by a misfit in the lattice parameters between the charge-ordered layers 
and the conducting layers.. There is a relation between the charge gap in the supercon- 
ducting phase and the bandgap width in the undoped insulating phase of high-temperature 
superconductors. There is also a relation between the value of the optimal doping level and 
coordination number. In electron-doped iron pnictide superconductors, only one of the two 
FeAs layers in a unit cell is conducting and another FeAs layer is charge-ordered. 
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